Three-dimensional quantum mechanical calculations on the vibrational predissociation dynamics of HeI 2 B state complex are performed using a potential energy surface accurately fitted to unrestricted open-shell coupled cluster ab initio data, further enabling extrapolation for large I 2 bond lengths. A Lanczos iterative method with an optimized complex absorbing potential is used to determine energies and lifetimes of the vibrationally predissociating He, I 2 ͑B , vЈ͒ complex for vЈ ഛ 26 of I 2 vibrational excitations. The calculated predissociating state energies agree with recent experimental results within 0.5 cm −1 . This excellent agreement is remarkable since no adjustment was made with respect to the experiments. The present ab initio approach, however, shows its limitations in the fact that the computed lifetimes that are highly sensitive to subtle details of the potential energy surfaces such as anisotropy, are a factor of 1.5 larger than the available experimental data.
I. INTRODUCTION
Extensive experimental and theoretical efforts have been made over the past three decades to understand the vibrational predissociation dynamics of triatomic rare gasdihalogen systems.
1,2 The HeI 2 molecule was the first rare gas-dihalogen van der Waals ͑vdW͒ cluster that has been extensively studied by Levy et al. [3] [4] [5] [6] [7] [8] The HeI 2 complex was first detected through laser induced excitation fluorescence spectra in which narrow bands were found to be shifted to the blue with respect to those of uncomplexed iodine. [3] [4] [5] Bands associated to ground and excited vdW modes have been observed. 3, 6 Information on the geometry of the complex has been obtained by analyzing the rotational structure of the bands. 7 Lifetimes of the complex were estimated in the range of I 2 ͑vЈ =12-26͒ vibrational excitation 8 from the analysis of the spectral linewidths, and then extended up to vЈ = 68. 9 Later, real-time studies 10 confirmed these results for a limited range of vЈ = 17-23 levels. Iodine product state distributions have been also measured 6 as well as the binding energies of the complex in the ground X and excited B states. 4, 5 In addition, Jahn et al. have reevaluated the groundstate binding energy of the HeI 2 molecule based on their experimental results on HeBr 2 . 11 Recently, Ray et al. 12 have published a joint theoretical-experimental study of the B ← X spectrum, which they interpret as resulting from the contribution of multiple ͑T-shaped and linear͒ conformers of He-I 2 complex. Furthermore, they have reported new estimates of the binding energies and structures of the ground and B excited state isomers.
Early theoretical studies were able to reproduce many of the experimental trends found for HeI 2 complex albeit using simple pairwise analytical potentials. [13] [14] [15] [16] In particular, the energy gap law emerged as a powerful tool to interpret the variations of complex lifetimes with respect to iodine vibrational excitation. Recent comparisons between ab initio calculations and experimental data have shown that coupled cluster ͓CCSD͑T͔͒ methods provide potential energy surfaces ͑PESs͒, that reproduce theoretical data consistent with spectroscopic measurements. [17] [18] [19] [20] [21] [22] The overall anisotropy predicted by such ab initio computations for rare gas-dihalogen systems is generally correct, although the resulting binding energies typically underestimate the experimental ones by 2-3 cm −1 . [23] [24] [25] Recent ab initio CCSD͑T͒ studies of the PESs of the heavy HeI 2 complex for both its ground X and excited B electronic states 26, 27 show that the anisotropy in this complex is qualitatively similar to that in the lighter, e.g., HeCl 2 18 and HeBr 2 , 28,29 systems: whereas the ground state PES is characterized by two attractive wells about the linear and the perpendicular geometries, respectively, the B excited PES displays a single minimum about the T-shaped configuration. The HeI 2 ͑B͒ UCCSD͑T͒ surface 27 has been also found reasonably consistent with different empirical potentials. 30, 31 In this paper, we use the above mentioned X and B ab initio PESs to calculate energies and lifetimes of the predissociating HeI 2 for T-shaped and linear isomers, respectively. As it can be seen the agreement has become very good with the latest experimental determinations. It is important to note that the ordering of the two isomers is reverse; however, their binding energies are very close to each other so that these should be both significantly populated when the HeI 2 complex is in its X state.
Recently, ab initio calculations 27 have been performed in order to represent the B state PES. The B potential has been built from a three-dimensional grid of ab initio points as a function of ͑R , r , ͒, where R is the distance from He to the center of mass of I 2 , r is the I 2 bond distance, and is the angle between R and r. The grid in R coordinate extends from 3 to 9 Å. There are seven values of between 0 and / 2. The grid in r consists of five values: 2.65, 2.85, 3.024, 3.20, and 3.45 Å, chosen around the equilibrium distance of the molecular iodine in its B excited electronic state. The PES has been generated from an interpolation procedure involving a Legendre expansion in , a fit to Morse-van der Waals functions in R, and a cubic-spline interpolation in r ͑see Ref. 27͒. In the present study, we need to consider vibrationally highly excited states of I 2 molecules, up to vЈ = 26. However, the r range retained for the ab initio grid is not large enough to cover the vЈ values of interest. This is illustrated in Fig. 1 
where x j l ͑R , r k ͒ is the distance between He and each iodine atom indexed by j = 1 or 2, namely,
where the Ϯ sign refers to the j =1,2 selection. The values of the adjustable parameters ␣ 0 lk , ␣ 1 lk , and ␣ 2 lk are obtained for the different l and r k , using a nonlinear least square fit. A mean standard deviation of the order of 0.3 cm −1 was obtained, with the maximum standard deviation being 0.39 cm −1 for ͑r , ͒ = ͑3.024 Å , 30°͒. Next, the ␣ 0 lk , ␣ 1 lk , and ␣ 2 lk parameters are fitted to a function of r for each angle l , which allows us to extrapolate to larger values of r, namely,
where i = 0, 1, and 2. 
The third step consists in a cubic-spline interpolation in the angle , which then yields the fully mapped PES. This model potential represents the ab initio points accurately with an average error of 0.374 cm −1 and a maximum deviation of 3.4 cm −1 at ͑R , r , ͒ = ͑4.5 Å , 3.2 Å , 45°͒ for which the potential value is V = 127.5 cm −1 . Figure 3 Table III , for up to vЈ = 26.
the r separation, which demonstrates the quality of the interpolation procedure upon comparison with the ab initio results, as well as the behavior of the extrapolation for the r value of 4.0 Å. Figure 4 shows the contour plot of the parametrized PES for the equilibrium I-I separation r e = 3.024 Å. 33 The new potential interpolation is very close to the one defined in Ref. 27 . The T-shaped minimum is D e = 29.65 cm −1 for R = 3.973 Å, to be compared with D e = 29.48 cm −1 for R = 3.96 Å, for the potential of Ref. 27 . The extrapolated PES was investigated in the region probed by the dynamical calculations and no unphysical behavior was detected.
III. VIBRATIONAL PREDISSOCIATION

A. Method
The HeI 2 predissociating states are resonance states with lifetimes of the order of 100 ps. 8 As an alternative to timedependent wave packet propagation methods 34, 35 or to timeindependent close coupling ones, 20, 36, 37 we compute the resonance states by diagonalizing the Hamiltonian of the system augmented by an imaginary potential in order to describe the coupling to the continuum. 38 The real and the imaginary parts of the complex eigenvalues, respectively, provide the energies and lifetimes of the resonance states.
We use a Lanczos iterative method to diagonalize the matrix. Detailed accounts of the method are given in Refs. 39-41. Basically, a tridiagonal matrix representation of the Hamiltonian is set up in a basis of Krylov vectors that are obtained through the successive application of the Hamiltonian on an initial random vector. The eigenvalues of the tridiagonal matrix yield the energy positions and widths ͑and hence the lifetimes͒ of the resonance states. The Lanczos approach is particularly well suited whenever one is seeking only a few low-lying states.
The numerical effort associated with each Lanczos itera- tion can be much reduced owing to an efficient algorithm for the action of the Hamiltonian operator on the Krylov vectors. The Hamiltonian of the system can be written in Jacobi coordinates for a zero total angular momentum as
with
and
V͑R , r , ͒ is the electronic potential of the system described in Sec. II ͓see Eq. ͑5͔͒, augmented by the complex absorbing potential. V I 2 ͑r͒ is the potential of the isolated I 2 molecule. 
where v ͑r͒, v in the range ͓v min , v max ͔, are the vibrational eigenfunctions of the nonrotating diatomic I 2 ͑B͒. The g n ͑R͒, n ഛ n max , are sine waves sin͓k n ͑R − R min ͔͒, with k n =2n / ͑R max − R min ͒, and P j ͑cos ͒, j ഛ j max , are Legendre polynomials. Calculation is performed in the box ͓R min , R max ͔ ϫ ͓r min , r max ͔ ϫ ͓0,͔. Since the two iodine atoms are identical we only keep even or odd values of j according to the symmetry to be studied. Since v ͑r͒, g n ͑R͒, and P j ͑cos ͒ are eigenfunctions of the operators H r , T R , and T , respectively, the action of these operators on the direct products of Eq. ͑11͒ is straightforward. Computing the action of W͑R , r , ͒ on the expansion of Eq. ͑11͒ requires the evaluation of the basis functions on a grid of N R ϫ N r ϫ N points by transformation methods. A fast sine transform 43, 44 is applied along R, a symmetrized Legendre transformation 45 is used along , and a potential optimized ͑PO͒ transformation is defined by diagonalizing the r operator 46, 47 in the v ͑r͒ vibrational basis.
An optimized cubic absorbing potential 48 V opt is used for R ജ R opt ,
ͮ
Convergence studies led to the following choice of parameters. For the angular coordinate we used N = 53 quadrature points and j max = 20, corresponding to 10 or 11 Legendre polynomials depending on the symmetry. In the r coordinate N r = 28 PO quadrature points are used in the interval ͓r min , r max ͔ = ͓2.65-3.92͔ Å and ten vibrational basis functions v ͑r͒ are used in the range ͓vЈ −4-vЈ +5͔ where vЈ is the vibrational excitation of the targeted resonance. In the R coordinate N R = 61 grid points are used in the interval ͓R min , R max ͔ = ͓2.5-17.5͔ Å, contracted to 48 g n functions by discarding plane waves with energies larger than 410 cm −1 . The cubic absorbing potential was designed with respect to a relative semiclassical error 48 less than 10 −8 for a maximum dissociation energy of 121 cm −1 . This is roughly the kinetic energy of the fragments at large separation since it is known that for an initially excited HeI 2 ͑vЈ͒ complex most of the products are in the state I 2 ͑vЈ −1͒, so that the kinetic energy available is roughly one quantum of vibration of the iodine molecule, at least in the range of vЈ values studied here. This choice leads to R opt = 9.5 Å and = 247 cm −1 . The sought energy values and the lifetimes are converged within 4000 Lanczos iterations. The absolute accuracy of the results is estimated to be of the order of 0.01 cm −1 for the energies and as good as 1 ps for the lifetimes. Table II were obtained with the extrapolated B surface. As it can be were the blueshifts with respect to the uncomplexed iodine bands. 3 The blueshifts correspond to the difference between the dissociation energies of the initial and final states of the transition, namely,
B. Lifetimes and blueshifts
, according to the initial T-shaped or linear isomer in its ground vdW state. The first feature shifted nearly 4 cm −1 to higher energies in the experiments by Ray et al. 12 can be attributed to the transition between the initial T-shaped state of HeI 2 ͑X , v =0͒ and the excited complex HeI 2 ͑B , vЈ , nЈ =0͒ in its ground vdW state. The computed blueshifts based on T-shaped binding energies are reported in Table III Blueshifts were also measured for the first excited band, which corresponds to the C band in the early work of Smalley et al. 3 This band has been attributed 3, 12 to the contribution of vdW excited modes nЈ ജ 2 for the B state. In order to analyze their recent experimental data, Ray et al. 12 have relied on a semiempirical pairwise-additive B-state potential that also displays a single well about the T-shaped configuration. Using an adiabatic description of the I 2 vibrational motion, they have computed the associated vdW states. The ground ͑nЈ =0͒ state and the first excited ͑nЈ =1͒ one are found localized in the T-shaped well, whereas the higher excited ͑nЈ =2-6͒ states are delocalized ͑free-rotorlike͒ and have their largest amplitude for near-linear configurations. As a result, these highly excited states have significant overlaps only with the linear X isomer. Because the nЈ = 1 state remains localized about the T-shaped configuration it could provide an experimentally detectable band only for excitation from the T-shaped isomer, if the latter was not forbidden by symmetry. Hence, only bands corresponding to nЈ Ͼ 1 can be detected. Our B-state potential induces the same kind of distribution of vdW states as can be seen in Fig. 3 of Ref. 32 . Thus, we can assess blueshifts for the excited band based on the nЈ =2-6 series of the B state.
Our computed blueshifts, namely, Table IV for nЈ =0-6, and for the vibrational manifold vЈ = 20 specifically investigated by Ray et al. 12 The values given by Smalley et al. 3 lie between 9.46 and 9.88 cm −1 in the vЈ range 9-29. However, the so-called C band is broad and multimodal so that it is not entirely clear to which feature the values refer. Yet, Ray et al. provide in their Fig. 7͑a͒ an enlargement of the excited band spectrum that was recorded between roughly 8.5 and 14 cm −1 , away from the I 2 band origin. Four main maxima can be seen in this range. The first peak is located at 9.3-9.4 cm −1 , thus corresponding closely to the value of 9.67 cm −1 of Smalley et al. for vЈ = 20. The computed blueshifts extend from 7.74 cm −1 for nЈ = 2 to 12.81 cm −1 for nЈ = 6. We have pointed out the systematic departure from experimental measurements in the case of the blueshift calculated for the ground nЈ = 0 state, mainly because of a slightly inaccurate determination of the X state dissociation energy. As will be discussed hereafter, the error made on the positions of the excited vdW levels in the upper B state is quite small. The computed dissociation energy for the X-state linear isomer is smaller by roughly 1 cm −1 with respect to experiment ͑see Table II͒ . Shifting the computed blueshifts by the same amount results in a perfect match with the experimental spectral range of the excited band depicted in the upper curve of the left panel of Fig. 7͑a͒ of Ray et al. 12 Finally, the fact that the intensity of the first peak of this curve is quite low can be easily understood if it corresponds to the contribution from the nЈ = 2 state. Indeed, the overlap between the lesser delocalized nЈ = 2 state and the ground linear isomer state may be quite weak in comparison to that involving the higher excited, free rotorlike states. 12 Our calculations are in excellent agreement with the experimental determinations. For nЈ = 0 the difference of 0.45 cm −1 is within the experimental uncertainty of 0.6 cm −1 . The agreement is even better for the excited states. The agreement is remarkable considering that our calculations are based upon an accurate fit of a purely ab initio PES and its extrapolation for larger r values, without any adjustment with respect to experimental data.
Measurements of lifetimes are also available for the ground states of the HeI 2 ͑B , vЈ͒ complex. [8] [9] [10] In our calculations lifetimes are obtained from the imaginary part of the complex eigenvalues of the Hamiltonian. Their comparison with data from different experiments is shown in Fig. 5 and Table V . It is striking to note that computational results give the same trend as the experimental ones. There is, however, an almost constant factor of 1.5 between both sets of results. The decrease of the lifetime with excitation vЈ is a manifestation of the well known energy gap law, which breaks down at larger vЈ near 50-60 when the vЈ − 1 channel closes.
Again, the agreement between calculations and experiments can be considered as satisfactory, keeping in mind that slight modifications of the potential may change the lifetime dramatically. Figure 5 shows the lifetimes obtained for the HeI 2 ͑B , vЈ , nЈ͒ complex with vdW excitations nЈ =1 and 2 in addition to those for the ground nЈ = 0 state. It is seen that lifetimes gradually decrease as excitation increases. This is a direct consequence of the angular delocalization of excited states. The complex can then be found about the collinear configuration for which energy transfer from I 2 vibration to vdW mode is much more efficient.
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IV. CONCLUSIONS
The present study reports the first three-dimensional, fully quantum computation of the dynamical properties of the HeI 2 ͑B͒ excited vdW complex, based on a potential energy surface generated from an accurate fit to a set of calculated points obtained through a high-level ab initio theory, further enabling extrapolation for larger r values. The vibrational predissociation lifetimes and energies of HeI 2 ͑B , vЈ͒ were characterized for the vibrational quantum numbers up to vЈ = 26 of the I 2 ͑B͒ stretch and for the vdW excitation states nЈ =0-6. Energy positions and lifetimes of the complex were calculated using a complex symmetric Lanczos scheme incorporating an absorbing potential.
Our ab initio study provides energies for the B-state vdW levels in excellent agreement with the experimental ones, the discrepancy being at most 0.5 cm −1 , lower than the experimental uncertainty. The agreement is remarkable since no adjustment was made on the potential surfaces with respect to the experiments. Regarding lifetimes, the overall decrease for the ground vdW mode nЈ = 0 as a function of I 2 vibrational excitation is well reproduced. There is, however, an almost constant factor of 1.5 between the computed and the measured lifetimes.
The next step following the present study would be to compute the complete absorption spectrum for both linear and T-shaped X state isomers. 19 whether the nЈ = 0 and nЈ Ͼ 0 bands are entirely due to the T-shaped and linear isomers, respectively. A further step could be to obtain a fully ab initio surface for the B state, covering larger r values, as well as a refinement in order to improve the description of the X state potential. For such calculations more sophisticated multireference methods, such as multi-reference correlation interaction ͑MRCI͒, should be employed.
